INCONELB alloy 725 (UNS N07725) is a highly corrosion resistant nickel based alloy capable of being age-hardened to high strength levels. In order to determine the potential applicability of alloy 725 in aircraft gas turbine engines, a research program was undertaken to study the solution anneal and age-hardening treatments for required elevated temperature properties. This paper presents the microstructure, tensile and creep rupture properties for several heat treatments.
Iutroduction
INCONEL@ alloy 725 was originally developed for Oil Patch applications such as well head and subsurface completions.l-g. Alloy 725 has been used as pressure-containing, flow-wetted components in subsurface safety valves and as valve components and other down hole components in sour service" at temperatures exceeding 350"F( 175°C). Alloy 725 is resistant to pitting and stress corrosion cracking (SCC) in Deep Sour Gas Well environments containing NaCl, H$ and S at temperatures up to about 450 to 500°F (232 to 260°C). Alloy 725 also exhibits excellent corrosion fatigue, pitting and crevice corrosion resistance, in other environments such as seawater. In mineral acids, alloy 725 exhibits corrosion resistance equivalent to alloys 625 and C-276.
With nominally five times the titanium content of alloy 625, alloy 725 can be strengthened by y' (Ni,(Al,Ti)) and y" (N@Ib,Ti,Al))
precipitates by aging between 1150°F and 1350°F. Alloy 725 can be age hardened to strength levels comparable to alloys 706 and 718. This combination of high strength, ductility and excellent corrosion resistance may make the alloy attractive for turbine applications. Alloy 725 has forgeability and machinability comparable to alloys 625 and 718. Weldments on commercially produced alloy 725, have excellent mechanical properties and corrosion resistancegJ1.
Previously, high temperature testing was conducted to provide data for ASME Section VIII, Divisions 1 and 2 Code Case (No. 2217) approval for INCONEL alloy 725 for application to 8OO'F (427°C). Otherwise limited research has been conducted into the high temperature capabilities of the alloy. The current aging treatments for alloy 725 result in the optimum combination of strength, toughness and corrosion resistance for Oil Patch applications. This research program was conducted to evaluate several solution annealing and age-hardening treatments and the resultant elevated temperature properties.
Materials Procedure
Material for testing was melted by Vacuum Induction Melting followed by Vacuum Arc Remelting (VIM + VAR) and was taken from two production sources, (1) forged, solution annealed and age-hardened 6 inch (152 mm) diameter bar and (2) hot rolled 3.25 inch (82.5 mm) diameter bar. To study the solution annealing and age-hardening treatments, the 3.25 inch (82.5 mm) material was heat treated in the following conditions prior to testing: The heat treatment, condition numbers 0 and 1, provides the optimum combination of strength, toughness and corrosion resistance for Oil patch applications. Mill anneal implies that the heat treatment was conducted on the full size rod in the manufactming facility at Into Alloys International, Inc. (IAII). Lab anneal implies sample blanks cut from the rod were heat treated under laboratory conditions at JAIL.
Th
Longitudinal and transverse blanks were cut from the stock and machined into 0.25 inch (6.4 mm) cylindrical samples. Room temperature tensile tests were conducted in accordance with ASTM E 8. Elevated tensile tests were conducted in accordance with ASTM E 21. The stress rupture tests were conducted on low stress ground cylindrical samples with a 0.178 inch (4.5 mm) gage diameter tested at 1000°F (538°C) at an initial stress of 80 ksi (551.6 MPa). The initial stress chosen for testing was too low and as a result incremental loading was necessary to obtain fracture in a reasonable amount of time. After hanging under stress for 3740 hours, the applied stress was incremented by 5 ksi (34.5 MF'a) every 48 hours. The temperature control was in accordance with ASTM E 139. Stress rupture testing was conducted in constant load frames.
Results

Metallographic Analvsis
The material annealed at 1900°F (1038°C) had a normal grain size distribution of ASTM #3. The samples from the hot worked and the hot worked and 1750°F (954°C) annealed material at had a grain sizes ranging from ASTM #5 to ASTM #lO with the average grain size between ASTM #8 and ASTM # 9. Figure la and lb show the optical micrographs fi-om the as rolled material and a sample annealed at 1900°F (1038°C) respectively. The samples were etched with a solution containing three parts hydrochloric acid, one part nitric acid and two parts glycerine. Although the annealed samples were aged at 1325°F (732°C) the grain size did not change during aging. 1000 (538) 1100 (593) 1200 (649) 72 (22) 1000 (538) llOO (593) 1200 (649) 155. The elevated temperature tensile data form Tables I and IIa 
Discussion Elevated Temperature Tensile Properties
The yield strength of alloy 725 hot rolled 3.25 inch (82.5 mm) bar, annealed at 1750°F 1 (954°C) and aged, is between twenty and thirty percent higher than the material annealed at 1900°F (1038°C) and aged at the same times and temperatures. See Figures 3 and 4 . The exceptional yield strength observed in the 1750°F (954°C) annealed material, is most likely a combination of the fine grain size and the enhanced aging, resulting from the residual work left in the material after annealing.
Hot rolled alloy 725 bar annealed at 1750'F (954°C) and aged has yield and tensile strengths nearly equal to alloy 718 hot rolled bar, although at these strength levels the ductility for alloy 725 is slightly less than alloy 718. See Tables IIa and IIb . As in any alloy system, a balance exists between strength and ductility. In alloy 725, the strength/ductility balance can be shifted depending on the heat treatment used. Alloy 725 annealed at 1900°F( 1038°C) has yield strengths thirty to forty percent higher than alloy 625 annealed rod, and tensile strengths twenty to thirty percent higher at ambient and elevated temperatures (Table IV) . Both alloy 725 annealed at 1900"F( 1038°C) and alloy 625 have comparable elevated temperature tensile elongations. The room temperature ductility of alloy 725 is, however, lower than alloy 625.
The six inch diameter forged bar had tensile properties similar to the 3.25 inch diameter hot rolled rod, indicating that the strength and structure can be maintained in a range of stock sizes.
Stress Rupture
The results of the stress rupture testing of alloy 725, 3.25 inch (82.5 mm) bar are given in Table III . While this is not a constant load test, comparisons of elongations can be made between the differing heat treatments. The stress rupture ductility of the alloy 725 bar annealed at 1900°F (1038°C) is two to three times better than the material annealed at 1750°F (954°C). The elongations from the material annealed at 1900°F (1038°C) are good considering the amount of time under stress at temperature.
Summarv
In various heat treated conditions, INCONEL alloy 725 (UNS N07725) exhibited elevated temperature properties significantly higher than alloy 625. This strengthening can be attributed to the Nb and increased Ti contents, which form the y' and y" strengthening precipitates during aging. The increased precipitation kinetics may be attributed to the increased titanium levels. The excellent corrosion resistance of alloy 725 can be attributed to the the Cr and MO contents."'o Further research will be conducted on the solution anneal and age-hardening treatments to optimize elevated temperature properties of alloy 725.
